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Abstract

In the nonrelativistic limit regime, nonlinear Dirac equations involve a small pa-
rameter € > 0 which induces rapid temporal oscillations with frequency proportional
to e2. Efficient time integrators are challenging to construct, since their accuracy
has to be independent of ¢ or improve with smaller values of e. In [I0], Yongyong
Cai and Yan Wang have presented a nested Picard iterative integrator (NPI-2), which
is a uniformly accurate second-order scheme. We propose a novel method called the
nonresonant nested Picard iterative integrator (NRNPI), which takes advantage of
cancellation effects in the global error to significantly simplify the NPI-2. We prove
that for non-resonant step sizes 7 > %62, the NRNPI has the same accuracy as the
NPI-2 and is thus more efficient. Moreover, we show that for arbitrary 7 < %52 the
error decreases proportionally to e27. We provide numerical experiments to illustrate
the error behavior as well as the efficiency gain.

Keywords: nonlinear Dirac equation, nonrelativistic limit regime, highly oscillatory prob-
lems, time integration, error bounds, resonances.

AMS subject classifications: 35Q41 - 656M12 - 656M15.

1 Introduction

One of the most important partial differential equations (PDE) in particle physics is the
Dirac equation, which represents a well-established model for relativistic dynamics of elec-
trons, protons, neutrons, and other spin-1/2 particles in an external electromagnetic field
[12,123]. In order to include effects related to self-interaction of particles and other phenom-
ena, nonlinear versions have been introduced in [14], 211, 22| 24]. After a proper nondimen-
sionalization, nonlinear Dirac equations involve a parameter € > 0 inversely proportional
to the speed of light; cf. [I]. In the nonrelativistic limit regime, this parameter is very
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small, and solutions exhibit rapid oscillations in time with frequency proportional to 2.

In this situation, traditional time integrators require a tiny step size 7 ~ =2 and thus a
huge number of time steps to produce an acceptable accuracy; see [I] for details.

The construction of numerical methods with a better convergence behavior is a major
challenge. Several attempts have been made in this direction. If an accuracy of (’)(52)
is sufficient, then one can solve the semi-nonrelativistic limit system, which is a non-
oscillatory problem and enables the approximation of solutions of nonlinear Dirac equations
with said accuracy [9]. For this purpose, we proposed the ezplicit exponential midpoint
rule (EEMR) in [16], which is a second-order integrator and consequently yields a total
accuracy of (’)(52 + 72). For very small step sizes 7 < €2, better accuracies can be achieved
with the multiscale time integrator pseudospectral method from [7], which has an error of
O(min{7? + €2,7%/%}). This implies that the method is uniformly accurate with order
one, i.e. that the error can be bounded by C'7 with a constant C' that does not depend on
€. Splitting methods for nonlinear Dirac equations in the nonrelativistic limit regime were
analyzed in [2]. Although such methods usually suffer from a severe order reduction when
applied to highly oscillatory problems, it was shown that using special nonresonant step
sizes yields convergence of the Lie-Trotter splitting with the full order 1 and of the Strang
splitting with order 3/2 independently of . Unfortunately, the analysis in [2] is based on
the assumption that there is no magnetic field.

Two second-order uniformly accurate methods were proposed in [19] and [10]. In [I9],
the authors devise an approach which allows them to replace the highly oscillatory Dirac
equation by a non-oscillatory augmented problem. The price to pay is that the augmented
problem has one additional dimension, which originates from the separation of the fast
and slow timescales. In [10], uniformly accurate nested Picard iterative integrators (NPI)
of first and second order are constructed. This is done by iterating Duhamel’s formula,
approximating the slowly varying parts of the integrands, but integrating all highly oscil-
latory phases exactly. However, the fact that the solution has to be expanded in a suitable
way and appears three times in the nonlinearity has the consequence that the number of
terms in the numerical flow of the first-order scheme (NPI-1) is already rather large (cf.
Section 2.2 in [I0]). For the second-order method (NPI-2), where Duhamel’s formula has
to be used twice, the ansatz leads to a plethora of complicated terms (cf. Section 2.3 in
[10]). This makes the implementation and debugging of the integrator quite difficult and
causes considerable numerical costs per time step.

In this work we construct and analyze a new method called the nonresonant nested
Picard iterative integrator (NRNPI). This method is a modification of the NPI-2, but con-
tains only a small portion of the terms in its numerical flow. In spite of this simplification,
our integrator has essentially the same accuracy as the NPI-2 if the step size is not ex-
tremely small and is chosen in such a way that resonances in the error accumulation are
avoided. The construction is carried out for the transformed form of the nonlinear Dirac
equation introduced in [9]. We consider two different representations of this PDE and
show how to use them to reformulate the NPI-2 scheme for the transformed problem in a
very compact and structured way. This reformulation is crucial, because it allows us to
identify all terms in the numerical flow which are of (9(7'2) and contain a factor of the



type el4tn/=* for some q # 0, where n € N and t, = n7 are the time points where the
solution is approximated. Then, we obtain the new NRNPI by simply omitting all these
terms. In contrast to the NPI-2, the local error of the NRNPI is clearly not of (’)(7’3)
anymore, such that second-order convergence in the classical sense cannot be expected.
Nevertheless, we prove that the NRNPI behaves like a second-order method for step sizes
which are moderately small (7 > 7w£2/4) and not close to certain resonant values. The
reason is that for such choices of 7 the omitted terms do not sum up critically in the error
accumulation due to the exponential factor 7/ ¢ A similar yet different technique has
been used in [2, 5] [13] 15 18] 17]. The fact that the NRNPI achieves the same accuracy
as the NPI-2 with a significantly smaller number of terms improves the efficiency and fa-
cilitates implementation and debugging. We remark that choosing a nonresonant step size
is easy, because both the resonant and the optimal step sizes are known a priori. For very
small step sizes 7 < %52, we prove that the NRNPI has an error of (’)(527-). In this range,
the error of the second-order NPI-2 is smaller, but this is only relevant if an extremely
small error of (’)(54) or less is required.

The paper is structured as follows. In Section 2 we introduce the nonlinear Dirac
equation in the nonrelativistic limit regime. We recall the transformation of variables
from [9] and present the two different representations of the resulting PDEs. With these
representations, we formulate the NPI-2 in the transformed variables and derive the NRNPI
in Section [3] In Section [4] we present a rigorous error analysis for the NRNPI. Our main
results are the global error bounds in Theorem[4.5and Corollary[4.7] In particular, we show
why cancellation effects yield a limited error accumulation for nonresonant step sizes. To
keep the focus on the essentials, the proofs of a number of auxiliary results are postponed
to Section [6] In Section [5] we present several numerical experiments which corroborate
our error analysis and reveal certain interesting effects, which we discuss briefly. Finally,
we test the efficiency gain achieved with NRNPI.

2 Problem setting

2.1 Nonlinear Dirac equations in the nonrelativistic limit regime

In the nonlinear Dirac equations (NLDE), the complex-valued vector wave function 1) =
¥(t,z) € C* is modeled by the partial differential equation

o = Ty — Wy —iF@), T €R, 130, (2.1)

together with the initial data ¥(0,z) = ¥°(x) for some C*-valued function °. The so-
lution v of depends on the value of a parameter ¢ € (0,1). In the nonrelativistic
limit regime, this parameter is very small as it is inversely proportional to the speed of
light. The operator 7; and the function W = W (¢, x) are the free Dirac operator and the
electromagnetic potential, respectively. They are given by

3 3
Te=—1) ea;0;+8,  W(ta)=V(t,a)s— Y At z)ay. (2.2)

J=1 J=1



where V(t,z) € R is the electric scalar potential and A(t,z) = (A1(t, ), ..., Az(t, )T is
the magnetic vector potential. The matrices

(L, 0 (0 o o
ﬁ_(o _12)3 a]_<a_j 0)7 3_172737

are the Dirac matrices, which are determined by the Pauli matrices

(01 (0 =i (1 0
1=\1 0/ 227\ o) 97 \o -1/)°

Further, F is a nonlinearity of the form F(u) = ~i(u*Bu)8 + 2 [u|* Iy for 71,72 € R.
Here, u* = ' denotes the conjugate transpose and |u| = v/u*u the Euclidean norm of a
vector u, respectively. This type of nonlinearity is motivated by numerous applications in
physics and describes self-interaction of Dirac fermions; see, e.g., [14, 2] 22 24] and the
references in [I}, 2], [7, 10, 19]. In the rest of this paper, we limit ourselves to the second
type of nonlinearity, i.e. 73 = 0. However, analogous results could be obtained for the case
~v1 # 0. With no loss of generality, we set 7o = 1.

The kinetic part —8%7;1/) of causes oscillations in time with frequency of 0(6_2).
As a consequence, classical numerical schemes can only be expected to converge if the step
size is significantly smaller than 2, which results in prohibitive numerical costs.

2.2 Function spaces and assumptions

Throughout, the Fourier transform of u € L?(R?) or u € (LQ([R3))4 and the inverse trans-
form are defined by

u(§) = (27r1)3/2 /[R3 e ly(z)dr  and  wu(x) = (27T1)3,/2 /[R3 M ET(€)dE,

respectively. For m > 0 we equip the Sobolev spaces H™(R3) and (Hm(R3))4 with the

norm
" 1/2
follaw = ([, (1+168) " a©)Ba)

Since we will later decompose a solution of (2.1)) into two components, we further define
the space

H™ = (H™(R*)" x (H™(R))"

for tuples u = (u_1,u41) of two functions u_1,uqq € (Hm(R3))4, and equip it with the
norm

llellggm = N1l g + sl g -



In the special case m = 0 we have H? = (LZ(IR?’))4 X (L2(IR3))4, and we write L2 instead
of HO for clarity. Finally, we define B™(R) = {u € H™ : ||u[|gm < R} to be the closed
ball of radius R in H™.

Having established the necessary notation, let us collect some important Sobolev in-
equalities that we will use frequently. There is a constant C's > 0 such that

luvll gz < Csllull gz [l gz e HAR?), v e HA(R®) (2.3)
luvll e < Csllullpe [0l gz uwe LAR?), v e H(R?)

In both cases, one of the functions may also be C*-valued. Further, we have

o]z < Csllullge [Vl e, we (HAR)', ve (HX(R?)" (2.5)
vl g2 < Cs lull 2 oll 2, we (LR, ve (HA(R))™ (2.6)

All inequalities follow from the fact that H™(R?) is an algebra for m > 2 and from the
Sobolev embedding H2(R3?) C L>(R?).

The following assumptions regarding regularity of the initial data and the potential W
(determined by V and A; via ) are crucial in the construction of our methods and will
thus be made henceforth.

Assumption 2.1. Let 0 < T < oo be an arbitrary fized time. We assume that
(A) Vi Aj € L%([0, 7], H(R?))

and that there is a constant Mex > 0 independent of € such that for the exact solution v

of (2.1), we have

(B) sup  sup [[(t, )| g1 < Mex.
€€(0,1) t€[0,T]

We remark that assumption (B) is always fulfilled for some 7" > 0 if the potential and
the initial data are sufficiently regular, in particular if V, 4; € L* ([0, T),H 4(R3)) for some
T > T and if ° € H*(R3), see [9, Theorem 2.1].

Assumption (A) together with the inequalities (2.3)—(2.6) yields the existence of some
constant Cyy > 0 such that for all ¢ € [0, 7], we have

4
Wt Jullpe < Ow llull 2, we (L*(RY)),

(2.7)
Wt Jull e < Cw llullge, we (HARY)™

2.3 Transformed Dirac equations

Whilst the uniform boundedness of solutions in (B) is a reasonable assumption, the time
derivative of a solution is unbounded w.r.t. € due to the term —E%Ew on the right-hand
side of . In this subsection, we introduce a transformation of variables proposed
in [9] and state the PDEs for the new variables. These PDEs have the advantage that
for sufficiently smooth solutions, the right-hand side is uniformly bounded in e, which is



favorable for numerical approximation. A key step in the systematic formulation of the
methods in Section [3] will be to write those PDEs in an appropriate representation. In
fact, it will later turn out that two different representations of the PDEs are useful as each
of them has its individual advantages.

The transformation of variables used in [9] is based on the decomposition

with the scalar operator A. and the two projection operators 1% given by

A =VId— 27, <, = % (Id + (Id - sQA)*%ﬁ) .

These pseudo-differential operators are defined in Fourier space, for example

1 ; ~
Aeul®) = Gamyare ey el ateae.

and similar for IIS,. The decomposition (2.8)) is obtained by performing an eigenspace
decomposition in Fourier space, see [4, Eq. (1.22)] and [9, Section 2|. It was shown in [4]
that for any m > 0 the operators

= (HMR)! = (H™(R)

1, and that HHEJFIH =1

The decomposition allows to filter out the main part of the temporal oscillations
in a solution ¢ of the NLDE . This is achieved by introducing two new functions ¢_1
and ¢, defined by

are indeed projectors, i.e. (H;1)2 =11t

G_1(t,x) = VT [W(t, 7)), dpa(tia) = e VT, [0(t, )] (2.9)

for t > 0 and 2 € R3. To increase readability, we will omit the variable = from now on.
Assumption (B) together with the boundedness of the projectors immediately implies

sup  sup |[¢_1(t)[| s < Mex, sup  sup ||¢41(t)]| s < Mex. (2.10)
e€(0,1) te[0,T) €€(0,1) te[0,T)

The original variable 1 is determined from the pair ¢ = (¢_1, ¢41) via

Y(t)=e o () + o) = Y I g(t). (2.11)

je{-1,+1}
Derivating (2.9) w.r.t. time and inserting the Dirac equation ({2.1]) yields the PDEs
Orp—1 = —iDogoy — i€t EIE, (W] — eI, [P y] L  9oa(0) = T2, [u],

Ord+1 = +iDepy1 — iefit/gﬂiﬂ (W] — iefit/EQHil [|¢|2 1/’} ;o ¢a(0) =115, [¢]



with operator

Dgzé<\/1—52A—Id>.

In fact, considering the very similar structure of both PDEs allows us to write them in a
general way as

By = 01Dy — ie~ T/ TIE [Wep] — ie 71t/ °IIE [\zp\ zp} oe{-1,+1}. (212
By expanding the product, we can represent the nonlinearity through ¢ as

|¢|2 b = (efit/s2¢_1 I eit/52¢+1>* (efit/s%_l I eit/52¢+1> (efit/52¢_1 I eit/52¢+1>

Z > (o) b

j=—3 JeJ
jodd #J=j

where J = {—1,+1}3 is the set of all multi-indices and #.J = j; + j2 + j3 denotes the
sum of the entries of J = (j1,j2,73) € J. Additionally replacing ¢ in the potential-term
of (2.12)), we obtain the transformed Dirac equations

Qdo = 0iDepy —i > UYL (W]

je{—1,1}
—1i Z Z G=oyt/et Ha [(¢*j1)*¢j2¢j3]’ (S {_1,+1}- (2.13)
j=-3 JeJ

jodd #J=j

In contrast to the operator —8%72 in (2.1]), the leading differential operator D, in ([2.13)
is uniformly bounded w.r.t. € when considered as an operator from H™2(R3) to H™(R?)
for m > 0; cf. [9]. More precisely, it fulfills the estimate

IDeullpgm < 5 llull sz, we (H™(RY), (2.14)

DN |

see [16, Eq. (2.8)]. Thus, Assumption [2.1] implies that the first time derivative of ¢_; and
¢41 is uniformly bounded in H? w.r.t. ¢, i.e. for o € {—1,+1} we have

sup sup 9o (t)|[ 2 < Cp (2.15)
c€(0,1) t€[0,T]

for some constant Cp. The same then obviously holds in the L?-norm. This fact will be
crucial in the construction and error analysis of our methods.

In the PDEs , one can clearly recognize the origin of each term. However, the
double sum makes it somewhat complicated. An alternative representation of the PDEs
for ¢_1 and ¢41 can be obtained by sorting the terms in according to the arguments
in the exponential functions. For example, in the equation for ¢_1, i.e. ¢ = —1 in ,



the argument 2it/e? is obtained by the value j = +1. Next, one can check which terms
appear with the associated prefactor et/ ¢’ In the first sum in (2.13)), this is

ey (W],

because for 0 = —1 and j = +1 the summand is e2it/e? II¢ | [W¢41] . In the second sum, we
have to take into account all multi-indices J = (j1, j2,j3) € J = {—1,+1}3 with #J = 1.
Those are (+1,+1,—-1), (+1,—1,+1) and (—1,+1,+1), leading to the terms

2, [(9-1)* 1], T [(9-1)"¢1¢],  and T2 [(¢41) dr1041]

Carefully proceeding similarly for all other exponents and for both values of o, one can
obtain the alternative representation

D105 = 01D=5 — i L [(95) o]
— o2 (T W] + 105 [ (10117 + 641[2) 6 + (90)" 6060 )
- (112 (W 0] + 115 [ (|91 + [61]) 60 + (6-0) 69— )
— i [(6-0) 6] (2.16)
This can be written in the more compact representation

2
by = 01Deby + Y FECP(G)], o e {-1,+1}, (2.17)

p=—4
p even

where for each u = (u_1,uy1) € H2, 0 € {—1,+1} and p € {—4,—2,0,2}, the operators
e (u) are defined by

GL o] = =T [(ug) u—ov-a].

G2 (w)lo] = =il W] =il | (Juma P + fusa[?) v + () u—gvs ]
G (w)[o] = —iTT5 [Wog) =il | (Juaa[* + fusa ) v + (u-0) uov— ]
G (w)[e] i= I [(u-0) v,

for v = (v_1,v41) € L2. The linearity of the projectors I, and the estimates —
imply that for every u € H2, G((,p ) (u) are linear operators that map a tuple from L2 to a
function in (L2([R3))4 and a tuple from H? to a function in (H2(IR3))4.

In the derivation of our methods, we always consider the operators GE}” ) with argument
¢(t), which are applied to the same function ¢(¢). In short, we consider G((,p)(qﬁ(t))[gb(t)]
where ¢(t) = (¢—1(t), p+1(¢)) is a solution of (or, equivalently, (2.17))) at some time
t > 0. In this case, we just write Gy (t) to increase readability. However, in our error
analysis, the distinction between the argument of Gf,” ) and the function to which it is
applied to will be crucial.



The representation is the most compact form to write the PDEs for ¢, involving
only four addends in the sum. However, there is no common structure of the individual
addends Gﬁ,” ) for different values of p. In contrast to that, each addend in the sums
of has exactly the same structure, and only the indices j or ji, jo, j3, determining
which solution component to be employed, differ. Nevertheless, the representation in
is more involved due to the distinction between the potential and the nonlinearity parts
and the more complicated composition of the exponents. When constructing our numerical
methods, we will use both representations to make the best possible use of their individual
advantages.

3 Construction of time integration methods

In this section, we present the construction of two different time integration methods for
the NLDE. Both methods are based on the transformed Dirac equations ([2.13)) or (2.17)

and will therefore yield approximations

¢n = ((lsr—bla 7-T—l) ~ (¢—1(tn)a¢+1(tn)) - ¢(tn)7
with ¢, = n7 for n =0,1,2,... and a step size 7 > 0. The relation (2.11)) between ¢ and

can then be used to construct approximations ¢"™ =~ 1 (t,) by
Y= e/ g et/ = 0,1, (3.1)
Since

[ = a2 = o7/ (62, = doa(ta) + /" (62 = b (ta) |,
< 671 = it o + 1951 — St 2 = 119" = Sltn)llgz s (3:2)

any error bound concerning the accuracy of ¢™ transfers directly to ™.

The first method constructed in this section is a uniformly accurate second-order time
integrator. It is similar and not superior to the NPI-2 from [I0]. However, we formulate
the method in the transformed variables (¢_1, ¢+1) instead of the original variable . This
allows us to write the recursion formula in a special structure, which is fundamental for the
construction of the nonresonant nested Picard iterative integrator (NRNPI) in the second
part of this section. The NRNPI is a simplification of the first method, but in many cases
has the same accuracy and thus improved efficiency.

To make the formulas a little simpler, we assume that the potential W is time-independent
throughout the rest of the paper. We will explain later how and under which assumptions
the methods can be extended to time-dependent potentials. In case of a time-independent
potential, assumption (A) simplifies to V, A; € H?(R?).

We write f. = O(t?) for a function f. = f.(¢t,z) and some p € Ny to express that

[fe(t: )2 < CFF

for ¢ — 0 with some constant C' which does not depend on ¢ and .
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3.1 Iterating Duhamel’s formula for the transformed Dirac equations

The method we present here is based on the idea of iterating Duhamel’s formula for the
transformed Dirac equation twice, and then only approximating the slowly varying
parts in the integrals, whereas the highly oscillatory parts are integrated exactly. The
same strategy has been used in [I0] and for oscillatory Klein-Gordon equations also in,
e.g., [3, 16, 251 1T].

Duhamel’s formula for yields the representation

¢U(tn + 7_) _ egiTDEd)U(tn) —i Z / eai(T—S)DEei(j—U)(tn+S)/52H2 [ng)J (tn + S)] ds

je{-1,1379
3 T
—iy > / eTHT=8ID =)tk ETLE [ (1, + 5) o, (bn + 5)j (tn + 5)] ds
j=—3 Jeg YO
jodd #J=j

(3.3)

for the solution ¢,, o € {—1,+1}, at time ¢,+1 = t, + 7. In order to obtain a uniformly
accurate second-order method, the main challenge is to approximate the highly oscillatory
integrals up to 0(7'3) by an expression where the unknown solution ¢+ is only evaluated
at the current time ¢,,. The first step to achieve this is to construct a sufficiently accurate
approximation to ¢_1(t, + s) and ¢41(t, + s) by using Duhamel’s formula once again
and approximating non-oscillatory parts. To ensure stability, the differential operator
D. : H"2(R3) — H™(R3) is replaced by a filtered version in the second step. In the
third step, we insert this representation into and compute all remaining oscillatory
integrals analytically.

3.1.1 Step 1: approximation of ¢+ (¢, + s)

In order to approximate ¢ (¢, + s), we apply Duhamel’s formula again, but this time to
the representation (2.17)) of the PDEs for ¢,. This yields

2 s
bo(tn +8) = 7P (t,) + Z / eai(s—r)Daepai(thrr)/eQGgp)(tn +7)dr. (3.4)
0

p=—4
p even

Thanks to (2.15)), we have

Go(tn + 1) = do(tn) + O(r), r>0 (3.5)
for o € {—1,+1}. Using (3.5) and the fact that the exact solution is uniformly bounded
in H? at all times (even in H* by assumption (B)), we obtain

¢j1 (tn + T)*(Z)Jé (tn + T)¢j3 (tn + T) = ¢j1 (tn)*d)jz (tN)(z)Jé (tn) + O(T)

for any j1,72,73 € {—1,+1} and thus Ggp)(tn +r) = Ggp)(tn) + O(r). Considering the
surrounding integral, fixing the solutions at time t,, in the functions GE,” ) in (3.4]) produces
an error of (’)(32). Further, we can use the following
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Lemma 3.1. For any s € R, we have

; 1
HeISDEu — uHL2 < Qs 1wl g2 , u € (HQ([R3))4,
|e*P=u — (Id + isD.)ul| > < ésg lwll ga u € (H4(IR3))4.
Proof. Apply Taylor’s theorem in Fourier space. O

Using the first estimate inside and the second estimate outside the integrals in (3.4)),
we overall obtain

2 s
o (tn + 5) = G (tn) + 0isDego(tn) + > / P71t/ 4 G () + O(s%) . (3.6)
0

p=—4
p even

3.1.2 Step 2: filtered operator

Whilst the order of accuracy in (3.6) is sufficient, using this representation would lead to
instabilities of the methods we are about to construct. The reason is that the operator
D. maps from H™2(R3) to H™(R?) for m > 0, and hence causes a loss of regularity;

cf. (2.14). This is why we replace D, by the filtered version

Du(r): H"(R?) —» H™R®),  Di(r) = Sm(:p) >0

as, e.g., in |8, [10]. The filtered operator 1/7\5(7') has the properties that
—~ 1 4
D=y, <~ Mllggm s we (HM®R), (3.7)
N 1 m+2 w31\ 4
D=y, < 5 ullgmsa s we (HPE®R) (3.8)

for any m > 0. The first inequality is obvious, whereas the second one can easily be shown
by using Taylor’s theorem in Fourier space. Moreover, using the same techniques, it is not
difficult so show that

| (P~ Den)) |, < %l (3.9)

for all u € (H4([R3))4 (see |8, Proof of Lemma 3.2]). Since the exact solution is assumed to
be in H*, property implies that replacing D, by Y/D\E in introduces an O(s7) error,
which is unproblematic in view of the error order we want to achieve. Further, combining
the term oisD,(7)dy (tn) With G2 (t,) = G (¢(tn))[¢(tn)] motivates the definition of the
operators G (u) for each u = (u_1,uy1) € H2 by

GO(w)v] := GO (w)[v] + 0iDe(7)vo,

~ 3.10
G((Tp) (u) [’U] = Gap) (u)[v]v JAS {_47 —2, 2} ( )
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for v = (v_1,v41) € L2. This leads to the representation

¢o(tn + 5) Z / ePiltntr)/e? er( (¢ n)+0(52+8T), (3.11)

p=—4
p even

where we wrote G (t,,) instead of C/;’((,p)(qb(tn))[gb(tn)] similar to before. Property (3.7)
ensures that for each u € H2, @((70) (u) are indeed well-defined operators mapping from and
to L2 (details on this and other properties of the operators G((,p ) are discussed in Lemma

in Section @ With the function ¢; given by

1 ef—1 f C 0
0 1 for z =0,

Eq. (3.11]) can equivalently be expressed as

Go(tn +8) = do(tn) Z 7/ 501 (poris e2)GP) () + O(s* + 7). (3.12)

p=—4
p even

3.1.3 Step 3: Approximating the integrals in (3.3

Eq. can now be inserted into . At this point, it becomes clear why we established
two different representations of the PDEs for ¢,: We would like our (’)(82)—approximation
of ¢y (tn + $) to be as simple as possible, which was achieved by using the representation
. When inserting into , however, the similar structure of all terms provided
by representation is essential such that we can take care of all of them at once instead
of considering every term individually, which would be very cumbersome as the nonlinearity
increases the number of terms even further.

When inserting into the nonlinearity in , this gives rise to a number of (’)(32)
terms which lead to a total error of 0(7'3). After all, we can express each component of
the exact solution ¢ = (¢p_1,¢4+1) at time ¢, + 7 as

Go(tn + 1) = TP (tn) — Ly (tn, Gtn)) — L3 (tn, B(tn)) + O(r%) (3.13)
o € {—1,+1}. Here, we define

ILt,u) = Z ei(j_")t/g/0 7 T=8)Pe i)/ g T2 [W ]
je{—l 1}

+ Z Z e i(j—o+pj)t/e? / al(Tfs)Dsei(jfo')s/EQSgol(pjiS/EZ) ds ]‘_‘[(57 [W@gp)(u)[u]}

je{-1,1} p=—4

p even
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for t > 0 and u = (u_1,u41) € H?, such that I}(tn, ¢(t,)) is the O(7?)-approximation to
the integrals in (3.3)) containing products with the potential W. Further, I2 is given by

I2(t,u) Z > elln o)t/ / iD= g0/ S TIE [ wjyu,)

j=-3 JeJ
jodd #J=j
3 2 . , )
1 — (17— .« . jnol *
+ Z Z Z elli—o+pi)t/e? / e0i(T=5)De (i(j—0)s/e 5@1(p3115/52)dsﬂf, (G(_pj)l(u)[u]) uhujg}
j=—3 JEJ p=—4 0 -
j odd #J=j p even

3 2

£3Y Y el / oTir=9)De gi(i=0)5/ 55 (yinis /) ds TEE [u jﬁg)(u)[u]ujg]

j=—3 JeJ p=-4

jodd #J=j p even
3 2 i

+0 D D el / 770D/ s (s ) s THG, [, G0 ()]
j=—3 JeJ p=—4 -

jodd #J=j p even

which means that I2(t,, ¢(tn)) is the O(73)-approximation to the integrals in ac-
counting for the nonlinearity. The integrals in I} and I2 do no longer involve the exact
solution ¢. Instead, they are operators that can be computed and applied analytically. For
6,( € Z, we have

Az (0) == / 71 (T=8)Degld5/% g g — 76i0T/E% ) (ir(0D: — 6/£%1d)),
0

B,(4,¢) :== / e?i(r=9)De sei58/€2<p1(gis/£2) ds (3.14)
0
_ [irZem™/ (o (ir(oD. — F1d)) — 7/ oy (ir(oD. - ZE10)) ), ¢ A0,
TQeiTé/azapg (iT(UDa - (5/521d)), ¢=0,

where the function s is given by

1 $1(z)=1
2) = / 9e(1=0)2 gg — { S for z€ C,z #0,
0

% for z = 0.
Thus, we obtain

tu)y= > U= A (f — )5 Wy
je{-1,1}

+ ¥ Z =SB (j — o, pi)TL (WG (u)[u] (3.15)

je{-1,1} p=—4

p even



14

and

I2 t,u) Z Z ell=e /et Ao (j — o)II; [(u—ﬁ)*ujzuj:s]

j=-3 JeJ

jodd #J=j
3 2 _
i . . 2 . . o) *
S O (ot [ (G, (w)]) gy
j=-3 JeJ p=—4 i
j odd #J=j p even
3 2

n Z Z Z ei(j*UerjZ)t/EQBU(j — o, pjo)IL; (U—gl)*égs)(u)[u]uh}
oda 4575 Neven _
jo =j p even

3 2

30> > B (= g pi )t () G @] (3.16)
Toad 4525 b aven '
J o =j p even

3.1.4 Specification of the time integrator and local error bound

Eq. (3.13) immediately suggests a time integrator: Replacing ¢(t,,) by numerical approxi-

mations w = (¢4, ¢7,) (thus also replacing G¥ (t,) = GP (6(t))[6(tn)] by G (¢™)[¢"))
and omitting the (’)( ) terms yields the recursion

¢n+1 = q)NPI(tnv ¢n), n= 07 17 27 cee (317)
with the numerical flowl]

e iDeq_y —iIL (t,u) — iI2,(t, u)> (3.18)

Pnpi(t,u) = <e+iﬂ>gu+1 — it (t,u) — 112, (¢, u)

The operator ®xpy does of course depend on the step size 7 and on € (as Iil and Iil do).
However, we refrain from marking this dependency explicitly in order to keep the notation
clear. The method is fully explicit. If the exact solution ¢ = (¢_1,p41) of is
in H* for all times, then by construction its local error

O = B(tnr1) — Bxpi(tn, d(tn)), 1 € No,
is bounded by
&bl < C7° (3.19)

for some constant C that is independent of 7 and €. This is one of the ingredients that
would be necessary to prove that the scheme is second-order accurate independently of €,
which, however, is not our objective. Instead, this estimate will turn out to be useful for
the error analysis of the NRNPI in the next subsection.

Tn general, we combine two functions u—_1,u+1 € H™(R?) to a tuple (u—1,u4+1) € H™. Only occasion-
ally, we stack two such functions into a vector for the sake of presentation.
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Remark 3.2. If the potential W = W (t, x) is time-dependent, a similar method can easily
be derived. In the inner application of Duhamel’s formula, that is FEq. m step 1,
the potential W (appearing in G((;2) and G,(,O)) is then evaluated at time t, + r, but ap-
proximating W (t, + r) ~ W(t,) is sufficiently accurate here. In the outer application of
Duhamel’s formula from , W is evaluated at time t, + s. For a sufficient accuracy,
the linearization W (t, + s) = W(t,) + s0:W(t,) has to be employed here. In step 3, the
strategies remain unaltered, but the additional term sOW (t,,) has to be taken into account.
One can check that the additional assumptions

V,A; € CH([0, T, H*(R%),  V,A; € C*([0,T], L*(R?))
are necessary for a rigorous local error and stability analysis in L2.

Remark 3.3. In [10], the authors presented the NPI-2, which is based on the same ideas.
There are however some differences. Firstly, they work in the context of the original Dirac
equation . This means that they cannot use an approximation of the type ¥ (t, +r) ~
U(ty) (as we did for the transformed variables, cf. ), since this would induce large
errors when ¢ is small due to the oscillatory dynamics of v. That is why in [10] the
approrimation

Yty +1) = (e*i’“/fzr[i1 + ei’“/fznil) Y(tn) +O(r), r>0

was used instead, which is again motivated by Duhamel’s formula together with the de-
composition . Secondly, they used slightly different strategies for approximating the
remaining, slowly varying parts. In the end, their NPI-2 scheme is still very similar to the
method we presented in , which is why we will also refer to our version as NPI-2.
Howewver, having formulated the method in the transformed variables ¢ = (p_1, ¢41) allows
us to have a detailed look at the frequencies of the highly oscillatory phases involved. This
will be crucial for the derivation and analysis of our simplified method in the following
section.

3.2 Nonresonant nested Picard iterative integrator (NRINPI)

For the NPI-2 , one can derive a second-order global error bound with a constant that
does not depend on ¢, as mentioned in [I0], Sec. 4]. To do so, one has to combine the local
error bound with suitable stability estimates and a standard Lady Windermere’s
fan argument. Even though second-order convergence uniformly in € is a very favorable
property, the efficiency of the NPI-2 is to some extent limited by the huge amount of
terms that have to be computed in each time step: the numerical flow contains
evaluations of I} and I3, which in turn involve multiple sums. Each addend then requires
the computation of a product of several functions in physical space and the application
of operators in Fourier space. The total numerical work to compute one time step of this
method is thus very large.

Our goal now is to omit a significant number of terms in the numerical flow without
affecting the accuracy, or only to a small extent. For this purpose, we return to the
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representation (3.13) of an exact solution ¢ = (¢_1, ¢41) of (2.13) at time ¢, + 7, which
provided the basis for the method from the previous section. Here, it is worthwhile to

consider the structure of the actual addends that appear in the sums of I1 and I2 more
closely. Let us take a look, for instance, at the last three lines of I2, cf. Eq. (3.16). If I2
is evaluated with arguments ¢,, and ¢(¢,) as in (3.13)), then each of the addends is of the

type
1/ B, (8, O)TIG [(tn)] (3.20)
for some ¢ € {—6,—4,-2,0,2,4,6}, ,( € Z and some function z of the form
2(t) = u(t) v(t)w(t) (3.21)

where u,v and w each are either ¢, for some o € {—1,+1} or @gp)(gb())[qb()] for some
oe{-1,+1}, pe {—4,-2,0,2}. We suggest a method where all terms of the type (3.20)
with ¢ # 0 are omitted, and are thus included in the local error instead. This may come as a
surprise since those terms are only in 0(7'2) due to the norm bound of B, (9, (). Hence, in a
standard error analysis based on the classical Lady Windermere’s fan argument, neglecting
such terms would reduce the global error order from two to one. However, we expect that
actually such terms will not critically sum up in the error accumulation. The reasons for
this conjecture are the following: Firstly, the terms in contain the prefactor e7t»/ e
This is a complex number oscillating on the unit circle throughout the time steps. For
q # 0, two consecutive numbers el?tn/ e and eldtn+1/e* = olam/e%glatn /= qo not point in the
same direction in the complex plane as long as a nonresonant step size is chosen, meaning
that

e
q

Secondly, the boundedness of the first time derivative of a solution ¢ = (¢_1, ¢41) of
implies that z only varies slowly (in a sense that is made precise later on) in the course
of several time steps. The same holds for B, (6, {)IL [2(ty)] since the operator B, (4, {)IL5
does not depend on n. Those two facts are later used in a summation-by-parts argument
(cf. proof of Thm. to show that neglecting terms of the form with nonzero
exponent in the prefactor, i.e. ¢ # 0, has indeed only little impact on the accuracy. Terms
of a similar structure that we will also omit are additionally found in I (t,, (t,)).

Let us now establish our new method in detail. In each of the last three lines of I2,
defined in , we only keep the terms for the value of p for which the exponent in the
prefactor is zero. In the second line of 12, for example, we only keep the term for the value
of p for which j — o + pj1 = 0. Since 1/j; = j; for j; € {—1,+1}, this is the case for
p = ji(o — 7). Thus, for each multi-index J € J, there is exactly one value of p for which
the exponent is zero, whereas the terms for the other three values of p are omitted in our
simplified method.

Analogously, in the third and fourth line of I2, we only keep the term for p = ja(o — 7)

or p = j3(o — j), respectively. In the second line of I}, we keep the term for the value of

elar/e % 1, ie., Tk for all k € Z.
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p for which j — o+ pj =0, i.e. p =05 — 1. Thus, as before, we always keep exactly one
of four terms here. Overall, we replace I}(t,u) and I2(¢,u) in the numerical flow of
the full method by J1(t,u)[u] and J2(t,u)[u] where for u = (u_1,uy1) € H? the operators
JL(t,u) and J2(t,u) are given by

Ntwp] = > U ME A — o) W]
jE{*lJ}

+ Y Boli- oo - WG @] (3.22)
jE{fll}

J2(t,u) Z > 0T A (G = o) [ ujv]

j=—3 JeJ
jodd #J=j

+ Z Z By ( o,0 — jHII :(é(_jjl'l(aij))(u)[u])*ujzvj:&}

j=—3 JeJg
jodd #J=j

3 - . .
3N Boli - oo = I [ut, GY (W) ufu, |
j=—3 JeJ )
jodd #J=j

3 - . .
3N Boli— oo = I [ un GET @], (3.23)

j=—3 JeJ
jodd #J=j

v = (v_1,v41) € L2. The reason why we distinguished between the arguments u and v is
that now, for every u € H2, J1(¢,u) and J2(t,u) are linear operators. This will be crucial
in the error analysis.

After all, the nonresonant nested Picard iterative integrator (NRNPI) is given by the
recursion

"t = ®nrapi(tn, )07, n=0,1,2,...

with the numerical flow

e 1Pey_ —iJ! w)[v] — iJ? u)lv
ol = (G} - o) 02

for u € H? and v € L2. Again, we do not express the dependency of ®xgypr on 7 and €
explicitly. The linearity of J1(t,u) and J2(¢,u) directly implies the linearity of ®xrnp1(t, u)
for fixed u € H2.

Remark 3.4. The terms J! and J? have to be computed in every time step. They include
products of the numerical approximations ¢ with the potential and with themselves in the
nonlinearity. Those products have to be computed in physical space. The result has to
be transformed to Fourier space, since afterwards the projectors and the operators A, or
B, have to be applied. Considering the computational effort, (inverse) Fourier transforms
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are the dominating operations in each time step. It is thus crucial to reduce their number
as much as possible. In the second line of J. and the last three lines of J2, for each
j € {=3,—1,1,3}, the respective operator is always identical. Consequently, by a reordering
of the sums, only two Fourier transforms per index j are required (one for the case o0 = —1
and o = +1 respectively). The same holds for the first lines of J. and J2.

Remark 3.5. Again, the method can easily be extended to time-dependent potentials W =
W(t,x). To do so, one can take the corresponding extension of the full NPI-2 from Re-
mark [3.9 and omit terms according to the strategies from above. Consequently, the same
additional assumptions on the potential W as in Remark [3.3 are required.

Remark 3.6. The techniques from this section can be used to construct similar time inte-
grators for other equations, such as the Klein-Gordon-Dirac system.

4 Convergence of the NRNPI

In this section, we analyze the convergence of the NRNPI. First, we discuss the local error.
In contrast to the NPI-2, the NRNPI involves local error terms which are only in (’)(72),
but have a special structure in return. This will be the topic of the first lemma in this
section. Then, we state two technical lemmas concerning stability of the numerical flow.
The proofs of those lemmas are postponed to Section [6] Instead, we will continue by
presenting and proving our main theorem, which is a convergence result for the NRNPI.
In particular, we show that although the local error of the NRNPI is increased, its special
structure ensures that the global error is not affected in many cases (in a sense to be made
precise below). In all proofs, C' always denotes a constant that may change from line to
line, but is independent of 7 and ¢.
The local error

= @ (t 1) — PNrNPI(En, (L)) [0(tn)]

of the NRNPI in the (n + 1)-st step can be decomposed into two parts: The local errors
Kﬁi’;% of the full NPI-2 and those originating from omitting terms of the full method ({3.17]),

. . n+1
which we collect in £,

= O(tnr1) — Prpi(tn, ¢(tn)) + Bxpi(tn, 0(tn)) — PNrNPI(tn, ¢(tn))[0(tn)].  (4.1)

__mn+1 _.yn+1
_ZNPI _'gdiff

From , we have Mﬁﬁ;ﬂ“m < C713. Comparing and , we further find

il <J11(tn7 O(tn))[B(tn)] = L2 (tn, 6(tn)) + T2 (tn, @(tn))[S(tn)] — 124 (tn, ¢>(tn))>
aft Ti1(tn, () [@(tn)] = Tiy (b, @(tn)) + T34 (tn, 6 (t) ) [0 (tn)] — 131 (tns d(tn)))

This representation will allow to derive the following lemma concerning the structure and
properties of 63;&1, whose proof can be found in Section @
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Lemma 4.1. Let Assumptions hold. Further, Let ¢ be the exact solution of (2.13)) and
ﬁg;gfl as above. Set Q = {—6,—4,—2,2,4,6}. Then, we can write

ggl—if-fl _ Z T2eiqt"/€2E;L (4.2)
qeQ
for some Ej € H? that fulfill
+1
B gz <€ and [[EF = B[l . < C7
forn=0,1,...,|T/7| with some constant C' independent of T, n and ¢.

The next lemma addresses the stability of the numerical flow ®NrNPI-

Lemma 4.2. Let Assumption (A) hold. Then, for R > 0, we have

(1) I®xrNpr(t, w)[o]llgz < (1+C7) flollgz, v e B*(R),v e L?
(i) lI(@Nrxpi(t, u) —1d) [v]flg2 < CT (0]l u € B*(R),v € H?,
(ii)  [|®nrpr(t, u)l] — @xener(t @) [lllpe < C7llu =Tl w20 € BX(R),

for allt > 0. In all cases, the constant C' does depend on R, but not on T and €.

In preparation for the following lemma, we further define the (linear) operators <I>§’§NPI
for n, k € Ng by

{)71\LI7P’€{NPI[U] = &nripr(tn-1, 9™ 1) ‘1>NRNPI(tn—27¢n72)[ ... ®xrypr(tr, ¢F) [U]H? E<n
n,k
@\ ryprlul = U, k>n

for u € L2. If u = ¢* is the numerical approximation after k steps, then application of
@%’QNPI with n > k corresponds to performing another n—k steps, such that @ﬁ’ﬁNFI(ﬁ) =
@™ is the numerical approximation after n steps. However, note that even if u # ¢* is an
arbitrary function, the numerical approximations ¢, ... ¢" are used in the numerical flow
operators ®nrnpr- In order to be able to state a stability estimate for <I>§’§NPI and in the
further error analysis, we require the following

Assumption 4.3. There is a constant 19 independent of € such that for all T < 19 and
e € (0,1), the numerical approzimations ¢™ remain uniformly bounded in H2:

" € B*(Myuw)  foralln=0,1,...,|T/7]
for some constant My, independent of T and €.

In fact, one can prove with a bootstrapping argument that this assumption is indeed
fulfilled if the step size is sufficiently small, cf. [16l 20]. This step size restriction is not
critical, since it is independent of e.
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Lemma 4.4. Under Assumptions (A) (md we have for all k,n € N with k,n <
|T/7] that

i llufls for allu € L2

k
‘H q)ﬁRNPI[u] H

for some constant C independent of n,k, 7 and .

<
L2

We are now in a position to state and prove an error estimate for the NRNPI, which is
the main result of this paper.

Theorem 4.5. Let Assumptions [2.1] and [{.3 hold and let 79 be the constant from the
latter. Further, for ¢ € (0,1) arbitrary, let ¢ be the exact solution of (2.13|) and let

@" be the numerical approzimations of the NRNPI for any step size 7 < 19 with 7 ¢
{§7T€2, %71’62,/6' € N}. Then, we have

n 1 9 B
llé(tn) — ¢"llp> < Cu (1 + K(m)) 2 n=0,1,.,[T/7),

for some constant Cy independent of T and € and with

K(r,e) := min elr/e* _ 1’ . (4.3)

q€{2,4,6}

According to (3.2]), the theorem directly yields an error bound for the approximations
Y™ = Y(t,) defined in (3.1)):

Corollary 4.6. Under the assumptions of and with the constant Cy from Theorem[].5, we
have

1
19" = (a2 < Ok <1 + K(T€)> 2, n=01,..|T/7].

Before we continue with the proof of Theorem it is crucial to note that the right-
hand side of the estimate contains the 7-dependent number 1/K(7,¢), which might be
very large if an unsuitable step size is chosen. We now discuss to what extent ensuring
K(T,e) % 0 is possible. For a fixed value of €, we distinguish two cases. If 7 > %52, then
one can choose the step sizes

2k —1
T= (4>7T62, ke N. (4.4)
It follows from (4.3)) that K (7,e) = v/2 for this choice of 7. One can check that this is the
maximal possible value, which is why we call the step sizes (4.4)) optimal. On the other
hand, one should avoid the resonant step sizes

k k
T = e’ or T = —me?, keN, (4.5)

2 3
for which K(7,e) = 0. This is the reason why these step sizes were excluded in Theorem
For a step size in between the optimal and the resonant ones, the size of 1/K(r,¢)
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and thus of the error bound depends on how close it is to a resonant step size. This is
illustrated in Figure (a) in Section where the function 7 — #25) is plotted for ¢ = 0.01
together with markers of the optimal and the resonant step sizes. In practice, however, we
recommend replacing a given step size by the closest optimal step size, which is at most
%52 away.

Ifr< %52, on the other hand, it is no longer possible to ensure that K(7,¢) % 0 since

K(t1,e) = 0 for 7 — 0. Instead, we can only show the lower bound

42
K(1,e) = min i%,
4€{2,4,6} T €

: 2
e1q7—/5 - 1‘ _

oi27/e* 1‘ = 2sin(r/e?) >

2v2

™
1 T 1\«

1+ <4 —e¥r< (1 + ) —527',
( K(T>5)> 4v/2 V2) 4

which means that the error of the NRNPI decreases only linearly, but in return, the error
constant is proportional to 2. Altogether, we obtain the following

where we used that sin(z) > ==z for « € (0, 7). This implies

Corollary 4.7. In the setting of Corollary[{.6, we have

1 ™
n__ n < 1 _ 2 ; > = 2
9" = (tn)l| 2 < C*< + \/§> T for optimal T > 15

1
\/ﬁ) %527 for T < %82.

In the first case, the error of the NRNPI is not larger than the one of the full NPI-2,
even though many terms have been omitted from the numerical flow. Only if extremely
small errors of less than (9(54) are required, the second case, where the NRNPI is inferior,
becomes relevant.

14" — ()l 2 < Cs <1 L

Proof of Theorem[{.5 Let e™ = ¢(t,) — ¢" be the global error at time t,. The linearity of
®nripi(t, u) for fixed u allows to decompose e™ as

e" = ¢(tn) — BNrNPI(tn—1, 0" )" ] = " + d" + Bxpnpi(ta-1, 0" )" ]

with " = ¢(t,) — PnrNPI(tn—1, ®(th—1))[@(tn—1)] being the local error and

d" := ®NNPI(tn—1, O(tn-1))[0(tn-1)] — BNrNPI(En—1, 8" ) [P(tn-1)] (4.6)

accounting for perturbations in the linear flow operator ®nrnpr. Dissolving the recursion
formula yields

e" ="+ d" + Bnrxpi(ta-1, 9" 1) [+ A" + Snrapr(ta—2, ") [ Y]

n

n
=...= ‘I’KflgNPI [*] + Z ‘I)Tl\Lﬁk{NPI [d"]. (4.7)
=1 =1
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Here, we used the definition and linearity of @;’QNPI and that €® = ¢(tg) — ¢° = 0. Again

using the linearity of <I>§’§NPI and the decomposition of the local error ¢¢ from (4.1, the
first sum can be decomposed to

n

Z(I)ﬁﬁNPI ("] = Z(I)ﬁfliNPI (1] + Z‘I’NRNPI (i) - (4.8)
k=1 k=1 k=1

Now, the several lemmas established before allow to derive suitable bounds for the norm
of each of the sums appearing in or . In the first sum of , we can “afford”
to loose one T since Eﬁpl is in (’)(7'3). Thus, we can use triangle inequality together with
Lemma [£4] to obtain

< Z ’H(I)NRNPI [ NPI] < ZeCt"

< ZCeCt"T < CTeT72, (4.9)
k=1

NRNPI |: NPI] ‘ENPI H

L2

To control the second sum in (4.8)), however, we rely on cancellation of errors from different
time steps, such that a more sophisticated analysis is required here. Recalling the structure
of Eﬁiﬁ from Lemma and using summation by parts, we have

Z P hinpr leff} =7’ Z Zelqtk ey VeI [Ef];_l]

qeQ k=1

_ —1 iqty_ 1/2
=T E :‘I’NRNPI E :e

qeQ
n—1 k
2 K k—1 k+1 k iqt; _1/e?
+7 Z Z (q’ﬁRNPI [Eq } @ RNpI [EqD Zelq 31/
q€Q k=1 j=1
Since @;’QNPI[-] = Id, we obtain

<7 1B

L2 q€eQ

2 k—1 Jk+1 k
+7 Z Z ‘H(I)NRNPI {E ] (I)KIRNPI {Eq} H
qeQ k=1

Z eldth— 1/€2

Ek
NRNPI diff

k
§ eiqtj,1/€2
L2
j=1

In the first term, only the complex numbers oscillating on the unit circle are summed up.
For nonresonant step sizes, the modulus of this sum does not grow with n since by the
geometric sum formula, we have

( iqr /€2 ) '

n n—1
E elatk—1 /e?| —
k=1 k=0

nd eigtn/e? _ 1 9 o2
= |eler/et —1] T K(7,¢)

ity /e?

igr/e? _
—0 e 1



23

for all ¢ € Q. Together with the uniform bound for the norm of E;‘_l from Lemma
we infer that the first term is in O(%) Further, using the properties of ®Nxgnpr and

@NFIC{NPI from Lemmas u and E respectively, and the properties for the error components
E, from Lemma we obtain for £k < n — 1 that

@it [2] - @it [22]
< [ @3er [2577] — @ter [2] |+ || @ter [2] — @it [
e et~ 8] s [t o0 ] - 22

’((I)NRNPI(tk, oF) — Id) {E[’j] H‘Lz

< nor + nor|[]||., < rec
H2

L2
< eCtn

k=1 _ ok Ct,
2 = e

Overall, we have

CTeCT
—|— 72 C’TeCT <rT 2
ZQZ 9 ST RGeS

(4.10)

NRN PI [£d1H }

<r7? Z
qeQ

L2

Now, it remains to control the second sum in . Recall the definition of d* from (4.6)).
Since ¢(t—1) € B*(Mey) and ¢F~1 € B( num) by assumptlons and {4.3] respectively,
we can use Lemma (iii) with R = max{Mex, Myum} to obtain

ldillga < O ||o() =], = o ||+

L2 L2

Triangle inequality together with Lemma [£.4] then yields

n n
Ctp, C —
S [l = e el
L2 k=1 k=1
Finally, combining (4.7) - (4.11)), we have

el < 0 (14 e )+ or S o4
? k=1

The discrete Gronwall Lemma inequality implies

1 1
n <C 2 1 ’nCT<C 2 1 CT'
Iels < €7 (14 g5 ) < 00 (Lt g )

NRNPI
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Remark 4.8. Since the local errors of the NRNPI contain those of the NPI-2 ((¥p;)
and additionally the terms that have been omitted from it (Eﬁiff ), the error analysis of the
NRNPI is more involved than of the full NPI-2. Nevertheless, we were able to present it
in detail in the proof above. This is worth mentioning since in the work [10], where the
authors presented the original version of the NPI-2, they refrained from an error analysis
due to the plethora of terms in the numerical flow. It was the structured formulation of
the NPI-2 and the NRNPI in — and —, respectively, that made the
error analysis in this section manageable. In fact, Lemmas [4-4] and [6-1] could easily
be extended to the NPI-2. A uniform second-order global error bound could then be proven
with standard techniques and without requiring summation by parts.

5 Numerical illustrations

In this section, we illustrate the results of our error analysis for the NRNPI by numerical
experiments. Furthermore, we compare the efficiency of the NRNPI and the NPI-2.

5.1 Problem setting and details about the numerical computations

For simplicity, we consider the NLDE in one space dimension, where it can be reduced to
i~ —~ -
oY(t,x) = —?ﬁw(t, x) —iW (t,z))(t, z) — iF (Y)Y (t, x), t>0,zeR

with a two-component solution (¢, z) € C? and

T: = —ie010, + 03,  W(t,z) = V(t,z)ly — Ay (t,2)or,  F(u) = |u]* L.

see e.g. [I]. To keep notation simple, we omit the tilde in the following. For this reduced
system, the construction of the NRNPI as well as the error analysis can be carried out in
exactly the same manner.

For the numerical computations, we have to replace the unbounded domain by a suffi-
ciently large, but bounded interval Q = [a, b] and impose periodic boundary conditions as,
e.g., in [I, 2, 10]. For the space discretization, we define grid points z; = (a + b)/2 + jh,
j=—M,...M — 1, with mesh size h = (b —a)/2M for M = 128 and compute all spatial
derivatives by Fourier pseudospectral techniques.

The initial data, the potential functions and the interval 2 are chosen as in [I, [10], i.e.

2 2 1l—=zx (l‘ + 1)2
W) =2 W) =e OV V)= 1 Ale) = T
for z € Q = [—16,16]. We consider time intervals [0,7] with two slightly different values

of T which are specified below. All numerical computations on [0, 7] are carried out with
step sizes 7 = T/N, where N € N is the number of time steps. This means, in particular,
that not all real numbers are possible step sizes, which will be important later on. We
apply both the NPI-2 and the NRNPI to compute approximations ', ..., 9" via .
For all error plots, we then compare the approximations 1 at the final time ¢ty = T with
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Figure 1: The behaviour of the function 7 — #25) (left) compared to the error at time
T = 0.33607 of the NRNPI (right) for ¢ = 0.01. In both plots, the axis limits for the
step size 7 are the same. The green dots depict the function values for the optimal step
sizes . Further, the vertical gray lines mark the resonant step sizes , where we
distinguish between the multiples of 72 (dash-dotted) and the additional multiples of
WQLQ (dashed) or ”—52 (dotted). The black lines are first (solid) and second (dashed) order
reference lines.

a reference solution ¥ (7") of the NLDE. To compute the latter, we use the same spatial
grid and applied MATLAB’s ode45 routine with very small absolute and relative tolerances.

All errors are measured in the L2-norm, which is approximated by Hu||%2 ~ SOML )

for a periodic function u € (L2(Q))2 with Fourier coefficients i, € C2,k € Z.

5.2 Accuracy

First, we want to observe how the accuracy of the NRNPI depends on the step size 7.
While doing so, we pay special attention to the performance of the NRNPI for optimal
step sizes and for resonant step sizes . This is why we choose T in such a way
that for ¢ € {0.005,0.01,0.02}, many of the optimal and resonant step sizes are hit by
7 =T/N for some N € N. A suitable choice is T' = 0.3367 ~ 1. Then, for ¢ = 0.02, the
resonant step sizes 7 = %ﬂEQ with k£ € N have the form 7 = T/N for some N € N if

9T T 3360
N=te2_ = qpt = 22 1
- ok 2% (5.1)

is an integer, which is true if £ € {1,...,8,10,12,14,15,16...}. The same holds for
e = 0.01 or € = 0.005, because dividing € by 2 in (5.1)) simply corresponds to multiplying
N by 4. Similar considerations can be made for resonant step sizes of the form 7 = %7752

and for the optimal step sizes (4.4)).
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Figure 2: Left: Lo-error of the NRNPI (solid) and the NPI-2 (dashed) at time 7" = 0.33607
in dependency of the step size 7 for three different values of €. Right: Ls-error of the
NRNPI at time T'= 1 in dependency of ¢ for five different step sizes 7, namely 79 = 0.02
and fractions thereof. The filled markers correspond to e-values for which the respective
step size is optimal.

Figure[l] (b) shows the Ly-error of the NRNPI for & = 0.01 at the final time 7" = 0.3367
in dependency of the time step size 7. By comparing the red line with the black dashed
reference line, one can see that for 7 > %62, the error of the NRNPI is indeed proportional
to 72 if optimal step sizes (represented by the green markers) are chosen. The error can,
however, be much larger for step sizes close to the resonant step sizes (depicted by the gray
vertical lines). For 7 < Z&? (i.e. left of the leftmost green marker), only linear convergence
is observed. This error behavior agrees perfectly with the Corollaries and [£.7] What
comes as a surprise is that mot all resonant step sizes seem to be harmful, because in
contrast to the function 7 +— #2,3) depicted in (a), the error plot in (b) does only have a
spike at some of the resonant step sizes. This interesting effect will be discussed below.

The way how this error behavior changes for other values of ¢ is illustrated in Fig-
ure [2[ (a). The red line is the same as in Figure (1| (b), but the corresponding results for
e = 0.02 (blue) and € = 0.005 (yellow) are added. It can be seen that the error constant
of the linear convergence for 7 < %52 decreases significantly with e, which again corrob-
orates our error analysis; cf. Corollaries [£.6] and [£.7 The dashed lines in blue, red, and
yellow show the error of the full NPI-2. As expected, all of them almost coincide, because
the NPI-2 is uniformly accurate. Comparing the solid colored lines with the dashed ones
shows that for nonresonant step sizes the NRNPI has almost exactly the same accuracy
as the NPI-2, although a huge number of terms of the latter have been omitted in the
former. Only for very small step sizes, the accuracy of the NPI-2 is better, because then
the (’)(752)—errors of the NRNPI are larger than the (’)(7’2)—errors of the NPI-2. More
precisely, this is the case if 7 < Ce? for some constant C. In this experiment, the value
C= %’r can be observed. However, we emphasize that at the threshold 7 = Ce? the error
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has already been reduced to (9(54), which should be sufficient for most applications.
Figure 2| (b) illustrates how the error of the NRNPI scales for several fixed step sizes,
but varying values of €. Here, the special choice of T" made before is no longer necessary,
such that we use T' = 1 instead. In the regime ¢ < (477)1/2, ie. for 7 > %52, only values
of € have been chosen for which the respective step size is one of the optimal step sizes

T = 2’“ 2kLlne? from Eq. {@4), ie. e = ((2k4_71)7r)1/2 for some k € N. Those values of ¢ are
deplcted by the filled markers. The numbers k = 1,2, 3 (furthermost right filled markers)
and k = 6,11,21,41,... (other filled markers) were chosen for a suitable distribution on
the logarithmic axis. Apart from the one for £ = 1, all markers for the same step size
are nearly at the same height, which again confirms that the error is independent of ¢ for
optimal step sizes 7 > %52, in accordance with Corollary . In contrast, in the regime
T < %52 (empty markers), a comparison with the reference line yields that the error scales
quadratically with e, as predicted by Corollary

All in all, the numerical experiments agree nicely with the main results of our error
analysis. However, these experiments also suggest that in practice, the performance of the
NRNPI is even better than predicted by theory. The following three aspects are interesting
in this context.

Resonant but harmless step sizes. In view of Figurel[l] it seems that not all resonant
step sizes . ) do indeed cause a large error. In fact, apart from the furthermost left, all
spikes appear at multiples of &2, and there are no spikes at those multiples of 7’5 or T&-
that are not a multiple of me? as well. Those step sizes had to be excluded such that the
terms of the form for ¢ = +4 or ¢ = %6, respectively, do indeed have prefactors
pointing in different directions on the complex plane. As an example, we analyze the term
in the second line of . Here, one combination of indices leading to the value ¢ = 6
in the exponent is J = (1,1,1), 0 = —1 and p = 2. The corresponding term that has been
omitted for the flow of the NRNPI, evaluated for a solution u = ¢(t,,) = (¢—1(tn), ¢+1(tn))

of the transformed Dirac equation, is

~

S/ By (4,20, [(GA0(t))[6(t)]) Ge1(ta)ds (t)] (5:2)
with
G (D (ta))[B(tn)] = —iT1% 1 [(ds1(tn)) b1 (bn)b—1(tn)]

Noting that ¢_1 and ¢41 are in the range of the opposing projectors II¢ ; and II¢ ;, respec-
tively, and considering an expansion of II5; w.r.t. €, it was shown in [8, Eq. (3.25) and
(3.26)], however, that

1(6+1(5))"d-1() 2 < C, [T [uya(9)]]| 2 < Ce, [T [uga(5)]][ 1 < C
for any s € [0,7], any sufficiently regular, scalar-valued function u, and a constant C
independent of €. This yields
(G2 G|, <o |12 [(ER@N0)]) érita)dst)|

< Ce%.

L2

L2



28

Thus, the terms in are actually not only in (’)(7’2), but even in (’)(7‘252) and hence
also in (’)(7'3) for 7 > %82. Consequently, in our error analysis, we do not rely on non-
accumulation of the error terms obtained by omitting terms of the form . All other
terms with ¢ = 6 or ¢ = —6 in the exponent can be analyzed in a similar way, which
explains the absence of spikes at

k
T = gm2, EeN\{3,6,9,...}
in Figures (1] (b) and [2| (a), and which implies that the corresponding step size restriction
is actually not necessary. A corresponding analysis for ¢ = +4, however, does not cover
all terms, such that we do not have a full explanation for the other missing spikes.

Bounded error for resonant step sizes. By definition of K(7,¢), the function 7 —
72/K(7,€) has a singularity at the resonant step sizes (4.5), which is illustrated in Fig-
ure|l| (a). Hence, Corollary suggests that the error of the NRNPI would be unbounded
if a resonant step size was used. In contrast, Figure [1| (b) reveals that even at those res-
onant step sizes where spikes indeed appear, the error grows only to a finite level. The
reason is that two additional error bounds for the NRNPI could be derived that also hold
for the resonant step sizes. First, Lemma implies that the local error of the NRNPI
is at least in 0(72) for all step sizes 7. Without even considering the special structure of
the local error, a Lady Windermere’s fan argument yields a uniform (w.r.t. ¢) first-order
global error bound. Indeed, the furthermost left large spikes for the different values of ¢ in
Figure 2| (a) could be capped by a first-order reference line. Secondly, an alternative error
bound can be derived by once more analyzing the norm of the operators B, (4, () contained
in the terms that have been omitted from the numerical flow of the full NPI-2. By
the definition of B,(d, (), cf. , and of the p;-function, we have

2 | |
80(67 C) = 1/0 e‘71(7'—S)D5e1(5s/52 (elfs/.€2 B 1) ds

for ¢ # 0, such that an O (7’62) norm bound follows. In the case ( = 0, the same bound
easily follows by integration by parts. Together with the local error terms from the full
NPI-2, the local error of the NRNPI can be shown to be in (9(7'62 + 7'3), which in turn
can be used to derive the bound C(g% + 72) for the global error. In particular, for 7 < ¢
(including resonant 7), the error is limited by Ce?. This explains the constant height of
all spikes for a given value of ¢.

Accuracy for non-optimal but nonresonant step sizes. Whilst the optimal step
sizes (4.4)) provide a suitable choice for 7, many other nonresonant step sizes yield equally
good results.

5.3 Efficiency

In the convergence analysis and the illustrations before, we have seen that for optimal
step sizes in the regime 7 > %52, the NRNPI yields equally accurate results as the NPI-2
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Figure 3: Lo-error of the NRNPI (solid, circles) and the NPI-2 (dashed, diamonds) at time
T =1 in dependency of the computing time for two different values of e.

applied with the same step size. However, since the numerical flow of the NRNPI was
obtained by omitting many terms of the flow of the NPI-2, each time step of the former
is significantly cheaper than of the latter. In other words, if a certain computing time is
available, more steps of the NRNPI can be conducted, yielding an improved accuracy. To
show this effect, we apply both methods for different step sizes and then evaluate the error
in dependency of the computing times required. In the regime 7 > %52, only nonresonant
step sizes are used. The results are depicted in Figure [3] A comparison of the constants
of the two second-order reference lines therein shows that for large step sizes, the error of
the NRNPI is approximately 3/16 = 18.75% of the one of the NPI-2 for a fixed computing
time. Conversely, to achieve a given accuracy which is not extremely high (i.e. errors not
smaller than *, up to a constant), the necessary computing time of the NRNPI is around
V/3/16 =~ 43.3% of that of the NPI-2. In fact, it can be checked that the numerical flow of
the NRNPI contains only around 32% of the terms of the flow of the NPI-2. The reason
why this does not quite correspond to the improvement in terms of computing time is
some computational overhead which is equally expensive for both methods, such as, e.g.,
the evaluation of all égp )—operators or the evolution of the kinetic part.

All in all, the NRNPI offers a significant efficiency gain as long as the desired accuracy is
not extremely high. Moreover, the substantial reduction of the number of terms facilitates
the implementation and in particular the debugging.

6 Proof of auxiliary lemmas

In this chapter, we present the proofs of the Lemmas [£.1] [£.2] and [£4] In preparation
thereto, we prove an additional lemma concerning properties of the operators G((,p ) in
Section In several parts of the proofs, we will have to use that differences of two

identically-structured products of two or three functions can be related to differences of



30

the individual functions by inserting intermediate terms. In particular, we have

v —uv=u" (v—20)+ (u—u)*D, (6.1)

wow — uvw = v (w —w) + u* (v —V)w + (u—u)* Vw
for u, v, U),’lAI:, ’57 {E € (L2([R3))4

6.1 Properties of the operators GP

Lemma 6.1. Let Assumption hold and let R > 0. For each u € B2%(R), p €
{—4,-2,0,2} and o € {—1,1}, the operators G (u) are linear operators with the proper-
ties

(i) |GP )]l , < = llvllga  for allve L2,

L

(i) |GP ]| < =vllgs for allv e H?,

(iii) ||GP) (u)[v] 2 SCllllga for allv e H*.

Moreover, the inequalities

D))

(iv) (|69 @) - 6P @, < &l —llga

() |GP @l - EP @) , < C llu il

(vi) ||G ()] - GP @], < C llu —lly2

g

hold for all u,u,v € B2(R). In all cases, the constant C' does depend on R, but not on T
and €.

Proof. (i) Let u = (u_1,u+1) € B%(R) and v = (v_1,v41) € L2. Then, for three indices
Ji,J2, js € {—1,+1}, the inequalities (2.4) and (2.6) yield

5,305 || 2 < CF Nl ll gz Mgl e 103l 2 < CER2 Jlugs |l 2

Together with the bound (2.7) for products with the potential W, the fact that
HHicl H =1, and the estimate (3.7 for the norm of D.(7), the assertion follows from

the definition of @S,p ).
(ii) As (i), but using that H? is an algebra instead of inequalities (2.4) and (2.6)).

(iii) As (ii), but using the estimate (3.8 instead of (3.7 for Z/);(T)
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(iv) Let u,u € B2(R). First, note that with (3.7), we have

For three indices 71, jo, j3 € {—1,+1}, a decomposition of the form together with
the inequalities (2.4]) and (2.6 imply that

011/7\5(7')?10 - Uilsz(T)ﬁg

< ! H| H||,
u—u .
2

2 <[P o )

L2

105, oz, — 5, W s || o < BCER? [Ju —llga -

On top of that, (2.7)) yields

Wy = Wil 2 = W (uj = uj)ll 2 < Ow [llu = a2

I

for j € {—1,+1}. Now the assertion follows from HH%H = 1 and the definition of
v,

(v) Instead of (3.7), we use the estimate (3.8)) to obtain

Considering that the L?-norm is bounded by HZ2-norm, the rest then follows exactly
as in (iii).

o~ e~ 1 -
01D (T)ue — 0iD(T) Uy < = UH|H2 .

2 < H@\S(T) [ue — o]

L2

(vi) Let u,u,v € B2(R). Since here G (u) and G (u) are applied to the same function
v, the terms including the operator D, or the potential W vanish. For the remaining
terms, one can proceed similarly as in (iii).

O]

6.2 Lemma 4.1k structure of the local error of the NRNPI

Proof of Lemma[{.1 Leto € {—1,+1}. The terms that have been omitted in J2(t,,, (t,))[¢(ts)]
compared to I2(t,,¢(t,)) are exactly those of the form [3.20) with ¢ # 0, i.e. ¢ € Q,

and with z given by (3.21). Those terms omitted in Jl(t,, ¢(tn))[¢(t,)] compared to
I} (tn, ¢(t,)) are also of the form (3.20) with ¢ € Q, but with

2(t) = WY (4(1))[6(1)] (6.3)

for some j € {—1,+1}, p € {—4,-2,0,2}. For each ¢ € Q, collecting all corresponding
terms of the form B, (9, {)II [z(ty)], combining those for o = —1 and for ¢ = +1 in a tuple
and extracting the factor 72 defines the functions Ey.

Considering that the time derivative of ¢4 is uniformly bounded w.r.t. € in H?, Taylor’s
theorem yields ||¢;(tn41) — @j(tn)|l g2 < CT and thus also

16 (tnt1) = @5 (E)ll L2 < CT (6.4)
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with the constant C' = Cp from (2.15)). Further, since for all ¢t € [0, T, ||¢;(t)|| g1 < Mex
by ([2.10)), we have ¢(t) = (¢_1(t), p+1(t)) € BA(2Mey) C B2(2Mey). Now it follows from
Lemma [6.1] (v) that for j € {—1,+1},

~

[P G(tn i) 6(tns1)] = G (0t o (E)

for some constant C' which depends on Mey, but not on 7 and ¢.

Now, we first analyze the case where z is of the type (3.21)). Regardless of whether
U = ¢y OF U = @gp)(cb(-))[gb(')], from and Lemma ), we know that wu(t,) €
(HQ(IR?’))4 with uniform bound in € and n. The same holds for v(t,) and w(ty,) and thus
for z(t,). On top of that, the estimates and yield

[u(tni1) = ultn)l 2 < C7

|, £ Clléltatn) = otz < 7 (6.5)

and the same estimate for the functions v and w. Consequently, for the difference

2(tnt1) — 2(tn) = (u(tn41)) v () w(tnr1) — (u(tn)) v(tn)w(tn),

a decomposition of the form (6.2]) together with the Sobolev inequalities (2.4)) and ([2.6)
yields

||Z(tn+1) - Z(tn)||L2 S CT.

When z is of the form (6.3]), the same estimate follows from (/6.5 together with the bounds
for products with the potential (2.7)). Since HH;IH = 1 and since B, are linear operators
with norm proportional to 72, we obtain

1B(8, O [2(tn)lll g2 < C7%, [1Bo(8, QI [2(tn41)] = B (8, OTI5 [2(ta)]| 2 < CT°,

such that the assertion follows. O

6.3 Lemma [4.2} stability of the numerical flow of the NRNPI

Proof of Lemma[f-3 (i) Let u € B%(R) and v = (v_1,v41) € L2. Since €7 is an
isometry in L?, we obtain

I®xrxpit, w)olllg < Y (He"m’f%HL2 + || Tt W] + }|J§(t,u)[v]HL2)
oe{—1,+1}

=lellea+ > (s wbll| . + [ 22w . ).

oce{—-1,+1}

Each addend of J!(¢,u)[v] and J2(¢,u)[v] contains an operator A, or B,. We know that
ﬁg(é)H < Cr and ||B,(6,¢)|| < C7?% for all o € {—1,+1}, (,6 € Z. According to Lemma
6.1

. (i), we have H@gp) (u) [U]HL2 < C'|||v|||y,2 for some constant C' that depends on R, but
not on 7. Using that u € B2(R) together with the estimates (2.4)), (2.6) and (2.7)) yields

ot k]| 2 < CTllolllgz,  [[J5(E )] 2 < CTlllvllge
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for some constant C' that depends on R, but not on 7. The assertion then follows.

(i) Let u € B2(R) and v = (v_1,v41) € H2. Then, we have

l(@xmnpr(tu) = 1) ]z < ) (He"“’evg — Vol o + || T2 W] o + |2 w) 0] 2 )
oe{-1,+1}

Since v, € (H2(|R3))4 for o € {—1,+1}, Lemmayields

oitDe

He UC’_UUHL2 < CT ||ve|| g2 -

Moreover, we know from the proof of part (i) that
[t w2 < CT ol [[J5E W] < OT lollg2
because [|v||p2 < [|v]|g=. Altogether, the assertion follows.

(iii) Let v = (u_1,us1), & = (Uy1,u_1),v = (v_1,v41) € B2(R). Since in both
®nrip1(t, u)[v] and @xrNpi(t, @)[v], the evolution operators e*7P= act on the components
v_1 and v4q of the same function v, we have

I ®xrxpr(t, w)[v] — Sxrnpr(E D]l <Y (}|J§(t7U)[U] — Jy(t, w)[o]]|
oce{-1,+1}

+ |2t W] = 2 @l )-

We proceed by discussing the second term first. Both J2(¢,u)[v] and JZ(¢,w)[v] are given
by , only with u replaced by w in the latter case (whereas the function v in the
second argument is the same). Combing the corresponding double sums, the difference of
J2(t,u)[v] and J2(¢,u)[v] consists of four double sums which we analyze individually. The
first one is given by

3
i 2 . ~% ~
ST 0 (G- oI (i g, — T T,) v, (6.6)
j=—3 JeJ
jodd #J=j

With (2.4) and the fact that [|vj,]| ;2 < [[v][gz < R, we obtain

[ (w2 — 5,15, Vg o < CsR Ul j ugy — 05 U s -

A decomposition of the form (6.1) together with (2.6) and |[luj]| 42 < [|ullgz < R for
j€{—1,+1} leads to

Hutjluh - ﬂtjlﬂh HLz <2CsR H|u - m”L2 .
Combining both estimates and considering that the operators A, and II%; have norm

bounded by C7 and 1, respectively, yields a bound of the form C7 ||u — @l||y2 for the
Lo-norm of the first double sum .
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The second double sum in the difference J2(t,u)[v] — J2(t,u)[v] is

S S - o= e [ (B ) s - (G4 @) ) ).

j=—3 JeJ
G odd #J=j
First using a decomposition of the form (/6.1]) together with estimate ([2.6)) and then applying
Lemma [6.1] (ii) and (iv), we find
|(GUC D) g, - (G @)
< Cy (HG ji(o— J))( )] — GuUrlo— J))( )@

—J1

L2
syl + GO @@ s, — Tl

< ¢ H| ~|”I,
u u
= 2

for some constant C' dependent on R. Having established this bound, estimating the L2-
norm of the second double sum works in the same way as for the first one. The 7 in the
denominator is not a problem, since it is compensated by the extra 7 we get from the
bound of the norm of B,. Analogously, one can proceed for the third double sum in the
difference of J2(t,u)[v] and J2(t,u)[v].

In the fourth double sum

}j > Boli— 00 = G [ut,un,C8 T  wl] — i, i, G @)
j=—-3 JeJ
jodd #J=j

the functions u or @ appear in all three factors of the products. Thus, a decomposition
of the form instead of is required here. Apart from that, the same arguments
as for the previous sums lead to a bound of the form CT ||u — ||,z for some constant C
independent of 7 and «.

It remains to analyze the difference of J1(t,u)[v] and J!(¢,%)[v]. Each of them consist of
two sums, cf. Eq. (3.22). Since both J(¢,u) and J1(¢, @) are applied to the same function
v, the first sums vanish in the difference. The difference of the remaining sums can be
treated similarly as those above. O

6.4 Lemma : Stability of @ﬁ’fk{Npl

Proof of Lemma[{4 Let u € L2. For k > n the assertion is trivial because @gﬁNpI =Id.
For k < n, @;’QNPI is given by

q)ﬁPk{NPI( ) = ®xrNp1(tn—1, 0" 1) | BNRNPI(ta—2, ") | ... ‘I’NRNPI(tk,cbk)[U]H-

Now, we can apply Lemma (i) for ®xrnp1(ts, #*), then for ®NprNpr(try1, @F) and so
forth. The constant of the Lemma can be chosen identically each time by Assumption
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Thus, we obtain

& —k Cta\" Ctn
||l e%en@]| , < @ +cm) ||ru|||Lz§<1+n") llullyz < € [luflys
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